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R ecent studies have suggested that uncorrected refractive errors may be associated with developmental, visual perceptual, and visual motor concerns among preschoolers. 1Y11 Few have looked at the relationship between astigmatism and measures of academic readiness. Shankar et al. found that 4-to 7-year-olds with hyperopia of 2 diopters (D) or greater had lower emergent literacy skills than children who were emmetropic. In their study, children with hyperopia were selected specifically to exclude those with astigmatism. 2 Roch-Levecq et al. 5 found that ametropic children scored lower than emmetropic children on a test of visual-motor integration and that 6 weeks after correction, there was no difference in scores between the two groups. However, the analyses in this study did not examine the astigmatic status of the ametropic children. Ibironke et al., in a survey of parents of urban preschool children, found that more concerns were expressed about children with substantial astigmatism (91.5 D) than about children with mild to no astigmatism. Although this study is consistent with a negative impact of uncorrected astigmatism on the child, the relationship between this study's measures and the academic readiness of the children is unclear. 10 Finally, in a study of adults, Wills et al. found that induced astigmatic blur resulted in poor word recognition and slow reading rate. This study established the basic plausibility of astigmatic blur as a mechanism that might impact learning. 11 The present study assessed the association between uncorrected astigmatism as identified in a screening setting and multiple domains of academic readiness in at-risk preschoolers.
METHODS

Participants
Prekindergarten Head Start provides early childhood services to 3-and 4-year-old children whose families meet the low income requirements of the federal Head Start program by September 1. The program is free and operates during the school year and school hours. The program provides breakfast, lunch, and afternoon snack. The Prekindergarten Head Start program implements a developmentally appropriate Core Curriculum in literacy, math, science, and social studies that meets Pennsylvania State Standards for Prekindergarten. 12 A total of 232 Prekindergarten Head Start children whose parent or guardian provided written informed consent were included in this study. These children were between the ages of 3 years 0 months and 5 years and 11 months on September 1 of the academic years 2009 to 2010. The study was approved by Salus University and the Philadelphia School District Institutional Review Board and adheres to the tenets of the Declaration of Helsinki.
Protocol
Vision Screening
The vision screening was performed by a doctor of optometry and third and fourth year optometry students between October 1 and April 30. This vision screening was performed to assist in identifying children who are at risk for a vision problem that may have been undetected by the visual acuity screening performed within the 45 days from the time the child first enters school by either the child's primary care physician or the school nurse.
The vision screening was based on the Modified Clinical Technique. 13 The unilateral cover test was used to identify the presence of strabismus, and an alternate cover test was used to quantify the magnitude of the eye turn, or the child's phoria. Refractive error was measured with noncycloplegic static retinoscopy while the child was looking at a distant target. External ocular health, and the optic nerve, vasculature of the posterior pole, and macula were assessed by direct ophthalmoscopy. Data from children who had strabismus, phorias greater than 6 prism diopters (eso or exo) at distance or greater than 6 esophoria or greater than 10 exophoria at near, or any observable ophthalmic abnormalities noted that would interfere with visual acuity were not included in the study. Children wearing a spectacle prescription at the time of the study were not included because there was no documentation in the child's record regarding when the child received his or her eyeglasses, whether the child was wearing his or her correction during academic testing, and if the child wore his or her spectacles as prescribed by his or her eye doctor. Children with a history of strabismus, eye surgery, nystagmus, glaucoma, cataracts, or medical conditions and those taking medication known to affect accommodation and convergence were also not included.
School-Administered Performance Assessments
Children attending Philadelphia Prekindergarten Head Start are administered the teacher-reported Work Sampling System (WSS) 14 and parent-reported Ages and Stages Questionnaire (ASQ) 15 15 When designing this study, we chose to focus on the four areas for which WSS and ASQ provide direct complementary parent and teacher perspectives: social (WSS's Personal and Social Development subscale and ASQ's Personal/Social subscale), language (WSS's Language and Literacy subscale and ASQ's Communication subscale), physical (WSS's Physical Development subscale and ASQ's Gross and Fine Motor subscales), and quantitative (WSS's Mathematical Thinking and ASQ's Problem Solving subscales). In our review of child records, we recorded all five ASQ subscales and the corresponding four WSS subscales; we did not record, and thus never analyzed, the remaining three WSS subscales.
Statistical Analysis
The relationship between astigmatism and developmental and academic skills was investigated using a series of complementary statistical analysis techniques. First, mean differences between preschoolers with and without astigmatism on each subscale of the WSS and ASQ were examined using independent samples t tests. Because of some departures from the normal distribution (chiefly for the ASQ scales), the academic readiness scales were also compared for children with and without astigmatism using the Mann-Whitney U test. Linear regression models were then fit to examine the independent association between astigmatism and academic readiness, controlling for the potential confounding effects of child age and magnitude of spherical refractive error . The independent variables in the models included astigmatism (0 = not present; 1 = present, at Q0.50 in either eye), age in months (measured in 6-month increments), and refractive error (defined as the absolute value of the spherical component of the refractive error determined by noncycloplegic refraction, in the eye where this value was largest). Because of the confidence of the direction of the hypothesized relationships (i.e., that, to the extent astigmatism was related to academic readiness at all, children with astigmatism would have lower readiness than their peers without astigmatism), one-tailed tests were used with a statistical significance threshold of > = 0.05 for all analyses described above.
As part of a supplementary exploratory analysis, the regression analyses for the composite scores (the means of the subscale scores) of the WSS and ASQ were extended to examine interaction effects between astigmatism and age. These analyses examined whether the nature of the relationship between astigmatism and academic readiness differed as a function of child age. Because there was less confidence about the directionality of the relationships for these exploratory analyses, a twotailed test was used to determine statistical significance.
RESULTS
Of the 232 children whose parents provided consent, an initial records review indicated that 208 had complete vision screening data as determined by the optometrist and optometry students. The 24 children who did not have ''complete'' vision screening data had their visual acuities tested by a Head Start nurse or their primary care physician and were not present on the day of the optometric vision screening. Of the 208, 147 had complete data on all the WSS subscales. For the ASQ subscales, 153 of the 208 children had valid data on all the ASQ subscales, and 122 children had completed the vision screening and had complete data on both WSS and ASQ measures. To ensure that all comparative inferences were made on the basis of the same sample, the analysis was restricted to those cases with nonmissing data on refraction, WSS scores, and ASQ scores (n = 122). There were no significant differences between the analysis sample and cases excluded from the analysis because of missing data with respect to astigmatic status (Fisher exact test, p = 0.48), age, any of the four WSS subscales, and any of the five ASQ subscales (t tests; all p values 9 0.05, two tailed). However, the 122 cases in the analysis sample had a significantly lower mean magnitude of spherical refractive error as compared with the 86 cases missing WSS or ASQ data other than spherical refractive error (1.31 vs. 1.79; p = 0.02, t test, two tailed). The preschoolers in this sample had a mean (TSD) age of 48.05 (T6.57) months and included thirteen 36-month-olds (11%), twenty-six 42-month-olds (21%), thirty-seven 48-month-olds (30%), thirty-nine 54-month-olds (32%), and seven 60-montholds (6%). Astigmatism (0 = not present; 1 = present, at Qj0.50 D in either eye) was present in 53 (43.4%) of the 122 children. (Fifty-one of the 53 children had with-the-rule astigmatism.) Of the remaining 69 children (56.6%), 68 had no astigmatism in either eye and 1 child had 0.25 D cylinder in one 
Academic Readiness Measures
Correlation coefficients were used to examine the linear relationships between the 11 measures of academic readiness (4 subscale scores and 1 composite score from the WSS, 5 subscale scores and 1 composite score from the ASQ). Correlations between subscales within each measure were considerably stronger than correlations of subscales between the measures. Scatterplot of WSS and ASQ composite scores. Work Sampling System composite score (mean of four subscales; y-axis) is plotted against ASQ composite score (mean of five subscales) for each of our 122 participants. Correlation is r = 0.36, p G 0.001. Astigmatism (defined as the largest absolute amount across the two eyes) is coded by symbol and color: 0.00 to 0.25 astigmatism is indicated by stars; 0.50 to 5.00 astigmatism is shown in different shades of gray, with darker shades meaning higher astigmatism. Plus signs are group means and x's are group medians for the children with astigmatism (gray) and the children without astigmatism (black). The black line is a least-squares best-fit line to the data.
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Optometry and Vision Science, Vol. 92, No. 3, March 2015 ranging from 0.05 (p = 0.62) to 0.38 (p G 0.001). Fig. 1 shows a scatterplot of the WSS and ASQ composite scores, which had a statistically significant, positive correlation of moderate magnitude (r = 0.36; p G 0.001). Table 1 shows means and SDs for each academic readiness measure, stratified by astigmatic status. Preschoolers with astigmatism had reduced performance as compared with their counterparts without astigmatism on the WSS composite scores (p = 0.022). On the individual WSS scales, preschoolers with astigmatism had significantly lower scores than their peers without astigmatism on all the WSS measures except for Math. Likewise, participants with astigmatism had significantly lower ASQ composite scores than participants without astigmatism (p = 0.026). There were similar findings for the ASQ subscales, with preschoolers with astigmatism having significantly lower scores than their peers without astigmatism in the Personal/Social (p = 0.050), Communication (p = 0.002), and Gross Motor (p = 0.030) domains of the ASQ. Table 2 shows the nonparametric tests of academic readiness by astigmatic status. These findings confirmed those of the previous analyses for some, but not all measures. For the WSS, preschoolers with astigmatism had lower scores than preschoolers without astigmatism on the WSS composite score (p = 0.038) as well as in the Language and Literacy (p = 0.007) and Physical Health and Development (p = 0.016) domains. Contrary to the parametric analysis, the WSS Personal and Social Development subscale did not differ significantly by astigmatism status (p = 0.062). The nonparametric analysis revealed no significant differences in the ASQ composite score and only the Communication subscale had a significant relationship in the expected direction with the lower scores of children with astigmatism. Estimates from the linear regression models predicting each academic readiness measure with explanatory variables of astigmatism, magnitude of spherical refractive error, and age are shown in Table 3 (WSS scales) and Table 4 (ASQ scales). Controlling for age and magnitude of spherical refractive error, astigmatism was associated with significantly lower scores on the WSS composite score, and on all subscales except Math. On the ASQ, astigmatism was associated with significantly lower scores on the ASQ composite score, and all subscales except for Fine Motor and Problem Solving.
Astigmatism and Academic Readiness
With respect to the control variables, age was strongly associated with each of the WSS scales; older children were scored as having higher levels of academic readiness. In the ASQ scales, age had a significant positive association with the Personal/Social and Fine Motor scales. Importantly, magnitude of spherical refractive errors was not associated with any of the academic readiness measures. Rather, it appears that poor scores in academic readiness skills experienced by preschoolers with ametropia may be associated with astigmatism as found during a screening.
Finally, the degree of astigmatism within the group with astigmatism did not correlate significantly with any WSS or ASQ scale, or with WSS or ASQ composite scores (e.g., r 51 = 0.05 and r 51 = 0.11 with WSS and ASQ total score, respectively), suggesting that the most important distinction in our data is between zero and nonzero astigmatism, rather than between lower (nonzero) and higher astigmatism.
Supplementary Analyses
The astigmatism Â age interactions for the WSS and ASQ composite scores revealed no significant effect for the ASQ (b = 0.32; SE = 0.29; p = 0.27). However, there was evidence of a differential relationship between age and academic readiness based on astigmatic status for the WSS composite score (b = 0.01; SE = 0.01; p = 0.037, two tailed). The linear relationship between age and mean WSS score was steeper for preschoolers with astigmatism than preschoolers without astigmatism. The academic readiness disparity between preschoolers with astigmatism and their counterparts without astigmatism was limited to the younger ages (Fig. 2) . Contrasts at each level of age showed significant differences between participants with versus without astigmatism at the two youngest ages only (p = 0.009 for 36 months; p = 0.008 for 42 months). Astigmatism (defined as largest absolute amount across the two eyes) in the 3-to 5-year range did not correlate with age, r 120 = 0.05, p = 0.57 (similar results were also obtained for each eye separately). This was consistent with the findings of Gwiazda et al. 16 showing the same prevalence of astigmatism at both 3 and 5 years with no decrease in astigmatism in this age range.
DISCUSSION
This study of Head Start preschoolers aged 3 to 5 years found that children with astigmatism tended to score lower than children without astigmatism on measures of developmental and academic skills, rated by parents and teachers separately. These relationships were robust even after controlling for age and the magnitude of the spherical refractive error.
Across all analyses, there were three areas of academic readiness on which children with astigmatism performed consistently lower than their peers without astigmatism. These included Language and Literacy (WSS), Physical Health and Development (WSS), and Communication (ASQ).
With the exception of the nonparametric tests, the findings for the ASQ scales should be regarded with some caution because their distribution was nonnormal and heavily skewed toward higher values. Given that the ASQ was completed by parents, one possibility is that parents were more generous than teachers in appraising their child's level of academic readiness. Whereas linear regression is quite robust to moderate violations of the normality assumption, the nonparametric tests provide a more conservative, and potentially more realistic, appraisal of the ASQ. These nonparametric analyses found that only the Communication domain of the ASQ differed significantly based on presence of astigmatism.
Further exploratory analyses demonstrated that the impact on academic readiness associated with astigmatism may exist only at the youngest two ages. This study did not apply corrections for multiple comparisons in the analyses, and there were relatively few 5-year-olds compared with the other two age groups. Nevertheless, the data suggest that younger preschoolers with astigmatism may be at a greater academic risk than older preschoolers with astigmatism. Heteroskedasticity-robust standard errors (Freedman, 2006 17 ) are in parentheses. Significant relationships for astigmatism are in boldface. *p G 0.05 (one tailed for astigmatism).
†p G 0.001 (one tailed for astigmatism). SRE, spherical refractive error. Heteroskedasticity-robust standard errors (Freedman, 2006 17 Although the present study alone is not sufficient justification for changing screening or prescribing practices, it demonstrates a consistent pattern of poorer academic readiness among preschool children with nonzero astigmatism. By considering the outcome variables of academic readiness measures, this study may represent an additional approach toward helping to identify preschool children at risk. Our results identify several areas of academic readiness that are specifically and negatively associated with astigmatism. Future research should confirm these findings in larger samples and investigate the mechanism and causal direction underlying the association between astigmatism and academic readiness.
This study has several strengths, including the focus on a preschool population that includes both vision screening results and measures of multiple academic readiness domains from both the teacher and parent perspectives. This study also has several limitations. The sample of children recruited through Head Start may not be representative of the general population as a whole. Head Start enrolls only children from families of a low socioeconomic level, and this sample may not be representative of the general population. However, this is an underserved population that may be at an increased disadvantage with respect to academic readiness.
Another potential limitation of this study is that the vision screening findings were obtained in a nonuniform environment with visual and auditory distractions. These distractions may have impacted the child's ability to accurately attend to the distance fixation target during retinoscopy and therefore may have affected the astigmatism measured. Additionally, a larger sample size would be needed to map the more precise shape of the relationship between astigmatism and academic readiness.
In the data analysis, cases that had missing data on the measures of interest were excluded to draw inferences for a common sample. Missing data is a common problem in this kind of study in which data are drawn from multiple sources.
Finally, and perhaps most importantly, the ability to draw any causal conclusions is limited by the cross-sectional nature of the study. Nevertheless, the study documents potentially important associations that warrant further examination in future research.
For example, a longitudinal study is needed to establish the impact of astigmatism on the developmental trajectory for academic readiness and actual academic performance after school entry. Furthermore, an early intervention study correcting for spherical and astigmatic refractive errors could also help to establish the role of early vision screenings and comprehensive vision examinations in preventing reduced academic readiness in preschool children.
